The cross section for J/ absorption by nucleons is studied using a gauged SU͑4͒ hadronic Lagrangian but with empirical particle masses, which has been used previously to study the cross sections for J/ absorption by pion and meson. Including both two-body and three-body final states, we find that with a cutoff parameter of 1 GeV at interaction vertices involving charm hadrons, the J/-N absorption cross section is at most 5 mb and is consistent with that extracted from J/ production from both photonuclear and proton-nucleus reactions.
I. INTRODUCTION
Two main mechanisms for J/ suppression observed in relativistic heavy ion collisions ͓1͔ are the dissociation by the quark-gluon plasma ͓2͔ and the absorption by comoving hadrons, mainly, pions and mesons ͓3͔. The cross sections for J/ absorption by hadrons are, unfortunately, not well determined. In the perturbative QCD approach ͓4͔, based on the dissociation of charmonium bound states by energetic gluons inside hadrons, the dissociation cross section increases monotonously with the kinetic energy of hadrons and has a value of only about 0.1 mb at 0.8 GeV. On the other hand, both the quark-interchange model ͓5͔ based on gluonexchange potentials and the meson-exchange model ͓6-8͔ based on hadronic Lagrangians give the absorption cross sections of J/ by pion and meson that are more than an order of magnitude larger, i.e., a few millibarn. A similar magnitude for the J/-absorption cross section has also been obtained in the QCD sum rules ͓9͔.
Since the absorption cross sections of J/ by pion and meson cannot be directly measured, it is useful to find empirical information that can constrain their values. One such constraint is the cross section for J/ absorption by a nucleon, as this process can be viewed as J/ absorption by the virtual pion and meson from the nucleon. From J/ production in photonucleus reactions, the cross section for J/ absorption by nucleons can be extracted, and its magnitude has been found to be about 4 mb ͓10͔. The J/-N absorption cross section has also been extracted from protonnucleus collisions at proton energies from 200 to 800 GeV, and the empirical value is about 7 mb ͓11͔.
In the meson-exchange model of Refs. ͓6-8͔, the interaction Lagrangians between pseudoscalar and vector mesons are obtained from the SU͑4͒ invariant free Lagrangian for pseudoscalar mesons by treating vector mesons as gauge particles. This then leads to not only pseudoscalar-pseudoscalar vector-meson couplings but also three-vector-meson and four-point couplings. Since the SU͑4͒ symmetry is explicitly broken by hadron masses, empirical hadron masses are used in the Lagrangian. Furthermore, values for the coupling constants are taken either from empirical information if they are available or from theoretical models, such as the vectormeson dominance model and the QCD sum rules. Otherwise, they are determined by using relations derived from the SU͑4͒ symmetry. In this paper, we shall generalize this Lagrangian to study the absorption cross section of J/ by nucleons and to see if its magnitude is consistent with that extracted from J/ production in photonucleus and protonnucleus reactions.
This paper is organized as follows. In Sec. II, we first consider J/ absorption by nucleons via pion and meson exchange. The process of J/ absorption by nucleons via charm exchange is studied in Sec. III. The effect due to the anomalous parity interaction of J/ with charm mesons is studied in Sec. IV. In Sec. V, the total cross section for J/ absorption by nucleons is given. Finally, conclusions and discussions are given in Sec. VI. An Appendix is included to derive the SU͑4͒ relations for some of the coupling constants involving charm hadrons. The interaction Lagrangian densities that are relevant to the present study are given as follows: 
͑10͒
In the above, ជ 
The amplitudes for the first two processes in Fig. 1 are given by
where p 1 and p 3 are the four momenta of the initial and final nucleons, respectively. In the above, M 1a ,M 1b ,M 1c are the amplitudes for the subprocess J/→D*D in the top three diagrams of Fig. 1 The cross sections for these processes with three particles in the final state can be expressed in terms of the off-shell cross sections of the subprocesses described by the amplitudes M 1 ,M 2 , and M 3 . Following the method of Ref. ͓16͔ for the reaction NN→N⌳K, the spin and isospin averaged differential cross sections for the first two processes in Fig. 1 can be written as J/N→D*D *N. We have also introduced form factors F NN and F NN at the NN and NN vertices, respectively. As in Ref. ͓16͔, both are taken to have the monopole form, i.e.,
where m is the mass of exchanged pion or meson, and ⌳ is a cutoff parameter. Following Refs. ͓13,14͔, we take ⌳ NN ϭ1.3 GeV and ⌳ NN ϭ1. 
instead of the monopole form of Eq. ͑16͒. In the above, q is the three momentum transfer in the center of mass of and pion or meson.
The form factor at four-point vertices, i.e., DD*, DD, and D*D*, are taken to be
where ⌳ 1 and ⌳ 2 are the two different cutoff parameters at the three-point vertices present in processes with the same initial and final particles, and ͗q 2 ͘ is the average value of the squared three momentum transfers in t and u channels. Using the same value of 1 GeV for cutoff parameters in the form factors involving charm mesons as in Refs. ͓7,8͔, we have evaluated the cross sections for J/ absorption by nucleons, and they are shown in Fig. 2 as functions of total center-of-mass energy. It is seen that all cross sections are less than 2 mb. Furthermore, the cross section for J/N →D*D N or J/N→D *DN ͑solid curve͒ due to pion exchange is larger than those for J/N→DD N ͑dashed curve͒ and J/N→D*D *N ͑dotted curve͒ that are due to meson exchange.
Our result for J/N→DD N is order of magnitude smaller than that of Ref. ͓17͔, where this process is viewed as the elastic scattering of a nucleon with one of the charm mesons from the decay of J/. The latter cross section is then assumed to have a constant value of 20 mb. Compared to our approach, they have neglected both the energy dependence and the off-shell effect of the subprocess involved in J/-N absorption to three-body final state. Also contributing to this large difference in the cross section is the value of cutoff parameter, 3.1 GeV in Ref. 
where ⌳ c denotes the charm baryon. The amplitudes for these processes are given by
with 2 and 4 being the polarization vectors of J/ and D*, respectively, and
In the above, qϭ p 1 Ϫp 4 ,sϭ(p 1 ϩp 2 ) 2 , and tϭ(p 1 Ϫ p 3 ) 2 are the standard Mendelstam variables. The spin and isospin averaged differential cross sections for these two-body processes are then
where ͉M 4a ϩM 4b ͉ 2 and ͉M 5a ϩM 5b ͉ 2 can be evaluated using the software package FORM ͓18͔.
The coupling constants g DN⌳ c , g D * N⌳ c , and g ⌳ c ⌳ c can be related to known coupling constants g NN and g NN using the SU͑4͒ symmetry as shown in the Appendix. Using g NN ϭ13.5 and g NN ϭ3.25, we then have g DN⌳ c ϭ13.5, g D * N⌳ c ϭϪ5.6, and g ⌳ c ⌳ c ϭϪ1.4. We again introduce monopole form factors of Eq. ͑17͒ at the vertices with cutoff parameter ⌳ϭ1 GeV. The resulting cross sections for J/N→D ⌳ c and J/N→D *⌳ c are shown in Fig. 4 by the dashed and solid curves, respectively. Their values are seen to be less than 1 mb. Furthermore, J/N→D * ⌳ c is much larger than J/N→D ⌳ c due to the three-vector-mesons coupling, which has been shown to increase significantly the J/-absorption cross section as well ͓7͔.
In Ref. ͓17͔, only diagram ͑4a͒ in Fig. 3 has been studied, and the result there is about a factor of 4 larger than our cross section for J/N→D ⌳ c , which includes also diagram ͑4b͒. The larger cross section in Ref. ͓17͔ is again due to both a larger cutoff parameter of 2 GeV versus 1 GeV used here and the use of four momentum instead of three momentum transfer in the form factors. Our total J/-N absorption cross section due to charm exchange is, however, larger as we have also included the more important processes shown by Figs. ͑5a͒ and ͑5b͒.
IV. THE ANOMALOUS PARITY INTERACTION
There is also anomalous parity interaction of J/ with charm mesons ͓8͔, i.e., which not only introduces additional diagrams for the processes shown in Fig. 1 but also leads to the reactions J/N →D ⌳ c via D* exchange and J/N→D *⌳ c via D exchange shown by the diagrams in Fig. 5 .
As shown in Ref. ͓8͔, the anomalous parity interaction is not important for J/-absorption and increases the J/-absorption cross section by only about 50%. Thus, inclusions of additional diagrams due to the anomalous parity interaction in processes involving three-body final states shown in Fig. 1 will probably increase the J/-N absorption cross section calculated here by less than 50%.
The amplitudes for the process J/N→D ⌳ c and J/N →D *⌳ c due to the anomalous parity interaction are given by M 6 ϭM 6 2 , ͑32͒
Because of the anomalous parity in the D*D vertex, the process J/N→D ⌳ c via D* exchange does not interfere with the similar process via D exchange shown in Fig. 3 . The differential cross sections for the two anomalous processes in Fig. 5 are given by similar expressions as Eqs. ͑29͒ and ͑30͒ with
and
where uϭ(p 1 Ϫ p 4 ) 2 . The coupling constant in the anomalous parity interaction has been determined to be g DD * ϭ8.61 GeV Ϫ1 from the radiative decay of D* to D using the vector dominance model ͓8͔. With a monopole form factor similar to Eq. ͑17͒ at the D*N⌳ c vertex and a cutoff parameter of 1 GeV, the cross sections for the reactions J/N→D⌳ c due to D* exchange and J/N→D*⌳ c due to D exchange are shown in Fig. 6 . Their values are seen to be less than 0.15 mb, which is negligible compared to the contributions from normal interactions studied in Sec. II and III.
We note that the two processes in Fig. 5 due to the anomalous parity interaction have also been studied in Ref. ͓17͔ . Their coupling constant is related to ours by g DD * /m J/ , where m J/ is the mass of J/. Since they assume that g DD * ϭg DD ϭ7.64 based on an incorrect quotation from Ref. ͓19͔, the strength of the anomalous coupling constant in their study is only 2.47 GeV Ϫ1 and is about a factor of 3 smaller than that used here. However, they have used a much larger value for g D * N⌳ c ϭϪ19 than that given by the SU͑4͒ relation. As a result, their cross section for diagram ͑7͒ in Fig. 5 should have a similar magnitude as ours while that of diagram ͑6͒ should be larger than our value. Because of the larger value of cutoff parameter of 2 GeV and the use of four momentum transfer in the form factor, the results in Ref.
͓17͔ from the anomalous parity interaction turn out to be order of magnitude larger than ours.
V. TOTAL CROSS SECTION FOR JÕ ABSORPTION BY NUCLEONS
The total cross section for J/ absorption by nucleons, obtained by adding the contributions shown in Figs. 2, 4 , and 6 is given in Fig. 7 . At low center-of-mass energies, the cross section is dominated by the process J/N→D *⌳ c while at FIG. 6 . Cross sections for J/ by nucleons as functions of center-of-mass energy due to the anomalous parity interaction.
high center-of-mass energies, the processes J/N→D*D N and J/N→D *DN due to the virtual pion from the nucleon are most important. The total J/ absorption cross section is at most 5 mb and is consistent with that extracted from J/ production in photonucleus and proton-nucleus reactions.
We note that the total cross section we obtained for J/ absorption by nucleons turns out comparable to that in Ref.
͓17͔, although contributions from individual processes differ appreciably in the two studies as discussed in details in the end of preceding sections.
VI. CONCLUSIONS AND DISCUSSIONS
We have used a meson-exchange model to study the cross section for J/ absorption by nucleons. The interaction Lagrangians are based on the gauged SU͑4͒ flavor symmetry but with empirical masses. Using coupling constants taken either from the empirical information or via the SU͑4͒ relations, and form factors with cutoff parameter of 1 GeV, we obtain a J/-nucleon absorption cross section of at most 5 mb, which is consistent with the empirical cross section extracted from J/ production in photonucleus and protonnucleus reactions. Since the dominant process can be viewed as J/ absorption by the virtual pion from the nucleon, our results thus indicate that the cross sections for J/ absorption by pion and meson evaluated in previous studies using the meson-exchange model are not in contradiction with the empirical cross section for J/ absorption by nucleons.
Our results are not much affected if we use the coupling constants g DN⌳ c ϳ6.7Ϫ7.9 and g D * N⌳ c ϳϪ7.5 determined from the QCD sum rules ͓20͔ instead from the SU͑4͒ symmetry. With these values, N→D ⌳ c will be even smaller while N→D * ⌳ c will be about a factor of 2 larger than those shown in Fig. 4 . In this case, the J/-N absorption cross section is only increased by about 1 mb. On the other hand, if the cutoff parameter is taken to be ⌳ϭ2 GeV at vertices involving charm hadrons as suggested by QCD sum rules ͓20͔, then the total J/-N absorption cross section increases to about 10 mb, which is about a factor of 2 larger than the empirical value from J/ production in photonucleus and proton-nucleus reactions. With this cutoff parameter, the J/-absorption cross section is also about 10 mb as shown in Ref. ͓7͔ . Since the meson-exchange model is based on effective hadronic Lagrangians, one can either fit the empirical J/-N absorption cross section by treating the cutoff parameter as a phenomenological parameter, or use the cutoff parameter from the QCD sum rules but with a different effective Lagrangian. In the former case, a cutoff parameter of 1 GeV is required at the interaction vertices involving charm hadrons in order to have the correct J/-N absorption cross section. The meson-exchange model of Ref. ͓7͔ then gives a J/-absorption cross section of about 3 mb, which is also consistent with that used in the comover model for J/ suppression in heavy ion collisions ͓3,21͔. In the latter case, one may follow the suggestion of Ref. ͓22͔ to drop the nongradient pion couplings in the effective Lagrangians, as they break the chiral SU(2)ϫSU(2) symmetry. As shown in Ref.
͓22͔, neglecting these terms reduces the J/-absorption cross section by about a factor of 2, leading again to a J/-absorption cross section similar to that in the comover model. The J/-N absorption cross section obtained with such an effective Lagrangian is expected to be reduced as well.
APPENDIX
In the SU͑4͒ quark model, baryons belong to the 20-plet states. These states can be conveniently expressed by tensors ͓23͔, where ,, and run from 1 to 4, that satisfy the conditions ϩ ϩ ϭ0, ϭ . ͑A1͒
For baryons without charm quarks, i.e., belonging to SU͑3͒ octet, they are given by 
͑A10͒
The baryon-pseudoscalar-meson coupling in SU͑3͒ is usually written as DTr͓(BB ϩB B)M ͔ϩFTr͓(BB ϪB B)M ͔, where B and M are the baryon and pseudoscalar meson octets. In terms of the ratio ␣ D ϭD/(DϩF), which has an empirical value of about 0.64 ͓24͔, we then have the following relation between g NN and g KN⌳ in the Lagrangians L NN given by Eq. ͑1͒ and L KN⌳ ϭig KN⌳ N ␥ 5 ⌳K ,
Comparisons with the SU͑4͒ relations in Eq. ͑A9͒ then gives
The baryon-vector-meson coupling is usually introduced through the minimal coupling by treating vector mesons as gauge particles. In SU͑3͒, this leads to the following relation between g NN and g K * N⌳ in the Lagrangians L NN given by Eq. ͑2͒ and L K * N⌳ ϭg K * N⌳ N ␥ ⌳K *, for the coupling constants in the Lagrangians given by Eqs. ͑19͒, ͑20͒, and ͑21͒.
